We present data of 10 penumbral microjets (PMJs) observed in Hα, Ca II 8542 Å, and Fe I 6302 Å line pair with the Swedish 1 m Solar Telescope (SST) with CRISP and Ca II K with SST/CHROMIS in active region NOAA 12599 on the 12
INTRODUCTION
Penumbral microjets (PMJs) are chromospheric brightenings within the penumbral area of a sunspot first described by Katsukawa et al. (2007) using Ca II H broadband images observed by the Hinode satellite (Kosugi et al. 2007 ). The brightenings take on an elongated jet-like appearance, and in conjunction with subsequent observations obtained with the Dunn Solar Telescope and the Swedish 1 m Solar Telescope (SST) (Scharmer et al. 2003) , display distinct emission peaks in the wings of Ca II 8542 Å (Reardon et al. 2013 ) and enhanced K 2 peaks in Ca II K (Esteban Pozuelo et al. 2019) . The average length and lifetime of PMJs are 640 km and 90 s, respectively (Drews & Rouppe van der Voort 2017) .
Following their discovery, investigatory attention soon focused on the manifestations of PMJs in other spectral lines and parts of the solar atmosphere, beginning with Jurčák & Katsukawa (2008) , who, using a set of Hinode observations, reported that PMJs propagate along a sunspot's chromospheric magnetic field lines. Katsukawa & Jurčák (2010) showed that some photospheric penumbral downflows appear cospatially with PMJs, whereas Esteban Pozuelo et al. (2019) , using SST observations, found no distinct PMJ related change in the photosphere compared to its pre-/post-PMJ state. Tiwari et al. (2016) , using a set of Hinode, Hi-C (Cirtain et al. 2013) , and SDO (Lemen et al. 2012 ) observations, and Esteban Pozuelo et al. (2019) , revealed that PMJs occur preferentially above the photospheric penumbral spine/inter-spine boundary (see e.g. Lites et al. 1993; Solanki 2003) . Vissers et al. (2015) and Samanta et al. (2017) , both employing IRIS (De Pontieu et al. 2014) observations, demonstrated that PMJs produce significant heating in the solar transition region, but manifestations of PMJs in the solar corona have so far not been made (Tiwari et al. 2016) . Furthermore, Tiwari et al. (2016) , Drews & Rouppe van der Voort (2017) , and Esteban Pozuelo et al. (2019) revealed that PMJ locations are not homogeneously distributed across the penumbra but tend to be clustered.
Given the jet-like appearance of PMJs, measurements of their velocities form a constituent part of their analysis. However, discrepancies between their line-of-sight (LOS) and plane-of-sky (POS) velocities soon became apparent. The reported LOS velocities range between ±4 km/s (Esteban Pozuelo et al. 2019) and are generally slower (Reardon et al. 2013; Vissers et al. 2015; Drews & Rouppe van der Voort 2017) than the POS velocities that range up to 100 km/s (Katsukawa et al. 2007 ).
The rapid brightening, short lifetime, and elongated appearance of PMJs have driven their physical interpretation in terms of a reconnection scenario. Katsukawa et al. (2007) proposed reconnection between neighbouring vertical and horizontal magnetic fields in the penumbra, which produces heating and drives a jet into the chromosphere. Tiwari et al. (2016) modified this scenario by suggesting the reconnection takes place at the spine/inter-spine boundary based on observations of photospheric return flows (Zakharov et al. 2008; Joshi et al. 2011; Scharmer et al. 2011; Tiwari et al. 2013 ) and opposite polarity magnetic fields in the penumbral inter-spines (Ruiz Cobo & Asensio Ramos 2013; Scharmer et al. 2013 ) and advances in the simulated (Sakai & Smith 2008; Magara 2010 ) magnetic structure of the penumbra. Ryutova et al. (2008) suggested that a PMJ is a manifestation of a flux tube that rises upward supersonically under magnetic tension following a reconnection event in the penumbra. Samanta et al. (2017) moved the location of the reconnection into the solar transition region based on IRIS observations that revealed a bright point at the PMJ location before the PMJ occurs, which was absent in cospatial Hinode broadband observations. Esteban Pozuelo et al. (2019) proposed, in an effort to reconcile the wide range of LOS and POS velocity measurements and the complex LOS velocity stratifications, that following a reconnection in the photosphere, a PMJ is a rapidly propagating perturbation front akin to the heat fronts present by De based on a simulation of type II spicules .
However, unequivocal evidence in support of a reconnection scenario is lacking so far, owing in large part to the exceeding observational difficulties associated with the reconnection scenario. A first step may have been taken in the observations by Tiwari et al. (2016 Tiwari et al. ( , 2018 , who described the presence of opposite polarity patches below their 'large' PMJs and tentative evidence of a reduction in magnetic flux following the PMJ.
In this investigation, featuring a range of spectral lines simultaneously observed with the SST, we present the previously unreported manifestation of PMJs in the Balmer Hα line, which led us to an extension and reappraisal of PMJ properties that are also presented in the paper.
OBSERVATIONS AND ANALYSIS
Active region NOAA 12599 was observed with the SST using the CRISP (Scharmer et al. 2008) and CHROMIS FabryPerot imagers. At the time of observation on the 12 th October 2016 the active region was located near 630 X and −320 Y with µ = 0.68 and observed continuously for 30 minutes beginning at 10:57:58 UT.
CRISP sequentially recorded the Hα, Ca II at 8542 Å, and Fe I at 6301 and 6302 Å absorption lines. The Hα line was sampled at 17 wavelength points in steps of 150 mÅ between ±1050 Å around the line core along with two far wing positions at ±1550 Å. The 6302 Fe I line was sampled between ±120 mÅ in steps of 40 mÅ along with two wing positions at ±190 mÅ around the line core. The 6302 Fe I line was only sampled in steps 40 mÅ within ±80 mÅ around the line core. Additionally, a single continuum point was sampled between the two lines, forming a total of 16 wavelength points. The Ca II 8542 Å was sampled between ±765 Å in steps of 85 mÅ along with two wing positions at ±1550 mÅ amounting to 21 wavelength points. The Hα line was only sampled in Stokes I, whereas all four Stokes parameters, I, Q, U, and V, were obtained for the Fe I and Ca II lines, leading to a total acquisition time of 39 s for the entire CRISP sequence.
CHROMIS recorded the Ca II K and Hβ absorption lines. The Ca II K line at 3934 Å was sampled between ±1020 mÅ in steps of 60 mÅ in addition to a continuum point at 4000 Å amounting to 36 wavelength points in total. The Hβ data were not used in this investigation. The entire CHROMIS sequence required 13 s, leading to three CHROMIS scans for every CRISP scan.
Each data set was reduced using the CRISPRED pipeline (de la Cruz Rodríguez et al. 2015) , which includes the MultiFrame Blind Deconvolution (MOMFBD) image restoration technique (van Noort et al. 2005; van Noort & Rouppe van der Voort 2008) . The CRISPRED pipeline was extended for the CHROMIS data and additionally included a phase-diversity reconstruction step (Löfdahl et al. 2018) . Finally, all the data sets were aligned and de-rotated. The CRISPEX analysis tool (Vissers & Rouppe van der Voort 2012) was used extensively during our investigation.
During our analysis we performed a series of test inversions to gain a more thorough understanding of the solar atmosphere. The employed inversion code, STiC (de la Cruz Rodríguez et al. 2016 , is based on the RH synthesis code (Uitenbroek 2001) which is capable of dealing with non-LTE environments including the partial redistribution of scattered photons. The code employs a Levenberg-Marquardt algorithm to iteratively minimise the χ 2 between the observed and synthesised spectra and the resulting output atmospheres are in hydrostatic equilibrium.
We simultaneously inverted all four Stokes parameters of the Fe I and Ca II 8542 Å lines. Initially, we performed several trials using different node setups in log(τ) to determine a node placement that prevented the code from retrieving unphysical solutions whilst allowing it to fit the numerous asymmetries present in the observed spectra resulting from the strong gradients present in the solar atmosphere. The final log(τ) node setup was as follows (where τ refers to the continuum optical depth at 5000 Å): temperature: [-5.5,-5,-4,-2,- All inversions were repeated three times with the same node setup, but using a slightly randomised atmosphere obtained from the pixel's previous inversion to prevent the minimisation algorithm from falling into a local minimum.
RESULTS
Active region NOAA 12599 had already emerged on the solar surface when it first appeared on the East limb and new flux emerged intermittently during its passage across the solar disc. By the time the active region was observed with the SST a fully developed sunspot had formed (see continuum image in Fig. 1 ) and its penumbra and light bridges continued to evolve markedly until the active region disappeared be- hind the west limb. The chromosphere above the sunspot featured copious amounts of jetting, in particular above the light bridges, which obscured parts of the surrounding penumbra (see the Hα image in Fig. 1 ). The limbward facing penumbra of the sunspot was least affected by the jetting and hence best suited to clearly identify PMJs and their respective manifestations in the observed lines. We identified 10 PMJs in total based on their distinct spectral shapes in Ca II K and Ca II 8542 Å, and their locations are marked by the triangles in Fig.  1 . In the following we will focus on the PMJ marked by the plus symbol and enclosed by the black square in Fig. 1 as an illustrative example, but the general properties and behaviours of this PMJ apply to all the examples we identified. The appendix features an additional PMJ example. The sequence of images displayed in Fig. 2 tracks the temporal evolution of the PMJ at different wavelengths. The PMJ occurs at t = 78 s and spawns near the spine/inter-spine boundary, which is most clearly visible in the Hα panels in Fig. 2 . It displays the familiar elongated brightening in both the Ca II K and Ca II 8542 Å lines, which lasts less than 2 minutes in the wings of both lines. Unlike previous observations we also find a cospatial and cotemporal response to the PMJ in Hα in the form of a dark elongated feature. The dark feature in Hα continues to propagate after the brightening in the wings of the Ca II lines has already subsided. It eventually becomes visible in the Hα line core at t = 312 s (not displayed in Fig. 2 ) indicating that the PMJ also has a LOS velocity component in addition to the POS component displayed in Fig. 2 . The PMJ always appears as a 'dark' feature in Hα and in any Hα wavelength position it can be identified, at all times. Movie 1 also shows the evolution of the jet in Fig. 2 .
A closer inspection of the Ca II images in Fig. 2 reveals that the PMJ continues to remain visible in the cores of both Ca II lines beyond the initial brightening in line with Hα in the form of a dark feature. However, the apparent darkness of the PMJ in the Ca II lines cores is caused by a blue-shift of both line cores. The PMJ is a 'bright' feature relative to its immediate surroundings throughout its lifetime, when traced in the red at, e.g. Ca II 8542 Å+ 85 mÅ. Parts of the PMJ always appear dark in any Ca II K wavelength due to the complex interplay between the K 2 and K 3 intensity peaks and their respective Doppler velocity shifts.
The comparatively longer lifetime of the PMJ in the cores relative to the wings of the Ca lines is another indication that the PMJ moves up as well as outward during its lifetime. The PMJ is untraceable in either the blue or red wings of both Ca II lines following the initial brightening, as Fig. 2 suggests.
In addition to the intensity images, Fig. 2 also displays LOS velocities obtained from bisectors of the Hα profiles. The bisectors were calculated from spline interpolated profiles and the velocity calibration was based on a 30 minute averaged umbral Hα profile obtained from the nearby umbra in the observations. The PMJ reveals itself as a feature hosting upflows of up to 2 km/s in Hα. The upflows in Fig. 2 are consistently higher at the edges of the PMJ compared to its centre and indicate that this PMJ has some internal structure that is also visible in the intensity images (e.g. Ca II 8542 at t = 273 s in Fig. 2 ). However, not all the PMJs we identified possessed such apparent internal structure. Nonetheless, all of the 10 PMJs that we analysed display upflows in Hα and the average LOS velocity of all PMJs is −1.1 ± 0.6 km/s.
We also proceeded to measure the lifetime and maximum distance travelled by the PMJ in Fig. 2 , which are 3547 km and 234 s, respectively. The average lifetime and maximum distance averaged over all 10 PMJs amounts to 2815 ± 530 km and 163 ± 25 s, respectively. Table 1 in the appendix lists the individual properties of all 10 PMJs. Given that many of our selected PMJs are close to the edge of the field of view (FOV), as Fig. 1 indicates, it is possible that our averaged values underestimate the true average lifetime and maximum distance travelled by our PMJs.
The red spectra shown in Fig. 3 are taken at the origin pixel of the PMJ displayed in Fig. 2 and the dotted lines display the spectra at t = 0 s before the PMJ occurs and the solid lines in each panel display the spectra at t = 78 s when the PMJ occurs. The panels of both Ca II lines and the Fe I line illustrate the spectral characteristics common to all PMJs, an intensity reversal in the wings of Ca II 8542 Å, a marked intensity increase and broadening of the K 2 peaks in the Ca II K line, and an insignificant change in the photospheric Fe I lines. Both Ca II lines also feature a blue over red asymmetry in their line profiles, which is common for the 10 PMJs that we selected but not to all PMJs in general (see Drews & Rouppe van der Voort 2017) .
At the PMJ origin pixel, located at the centre of the box in 3 is broader compared to the red dotted pre-PMJ profile also displayed in the same panel. At the later stages of the PMJ's evolution the blue solid Hα profile in Fig. 3 hosts a blue-shift compared to its local blue dotted pre-PMJ profiles, as suggested by the bisector velocities in Fig. 2 . The blue solid Ca II 8542 Å spectra in Fig. 3 at t = 234 s taken at the plus symbol in Fig. 2 feature a pure absorption profile whose core is shallower and blue-shifted compared to its local pre-PMJ profile; see the blue dotted line in the same panel. The blue solid Ca II K line at t = 216 s displays reduced K 2 peak intensities compared to the red solid line profile in Fig. 3 , but both K 2 and K 3 peaks are brighter when compared to their respective local pre-PMJ profile, see dotted Ca II K lines in the same panels.
The dotted and solid lines in the Ca II 8542 Å and Fe I 6302 Å panels in Fig. 3 are the fits to the measured spectra, shown by the triangles in the same panels, produced by STiC. The temperature stratifications pertaining to these fits are displayed in Fig. 4a . The solid red line in the figure demonstrates the temperature increase seen in the chromosphere during the PMJ compared to the dotted red line, which shows the pre-PMJ temperature stratification at the PMJ origin. The solid blue stratification indicates that the PMJ still causes a temperature increase in the chromosphere by the time it reaches the position corresponding to the plus symbol in Fig. 2 compared to the local pre-PMJ temperature stratification shown in by the blue dotted line; however, the heating is weaker compared to the red solid line within the log(τ) = −2 to −4 range. Also, the blue solid line temperature stratification in Fig. 4a only begins to distinguish itself from its dotted counterpart above log(τ) = −3 compared to log(τ) = −2 for the red pair, which supports the conclusion drawn from Fig. 2 that the PMJ appears to move up as it propagates.
The Hα bisector LOS velocities in Fig. 2 associate the displayed PMJ with upflows ranging between 1 and 2 km/s during its lifetime. The PMJ LOS velocities from the inversions of the pixels in Fig. 3 , displayed in Fig. 4b by the solid lines, support the inferred Hα velocities. The red solid velocity stratification shows upflows below log(τ) = −4 but downflows above log(τ) = −4, which support the Hα observations that also display downflows at t = 78 s in Fig. 2 at the origin pixel. The majority of our selected PMJs host downflows in Hα at their origin before the PMJ occurs. The photospheric Evershed flow is responsible for the persistent downflows below log(τ) − 2 displayed by all stratifications in Fig. 4b .
The PMJ in Fig. 2 propagates across the FOV during its lifetime, allowing us to estimate its POS velocity. The comparatively high contrast in Hα between the PMJ and the surrounding chromosphere made it the ideal line to track the POS velocity of the PMJ. We measured the POS velocity of the PMJ at t = 195 s, i.e. near half its lifetime, and again at t = 312 s, i.e. at the end of its lifetime and the POS velocities Figure 3 . Series of Hα, Ca II K, Ca II 8542 Å, and Fe I 6302 Å spectra taken at the origin (red spectra) and plus symbol (blue spectra) of the PMJ in Fig. 2 . The dotted lines are spectra taken before the PMJ occurs at t = 0 s and the solid lines are spectra taken during the PMJ at t = 78 s and t = 216 s for the red and blue spectra, respectively, following the timeline in Fig. 2 . The dotted and solid lines in the Ca II 8542 Å and Fe I 6302 Å panels are the fits obtained from the STiC inversions and the triangles indicate the measured intensities. All the spectra were normalised to their respective the quiet-Sun continuum values. The large plus symbols indicate the respective spectral positions of the images displayed in Fig. 2 . Fig.  3 . The red dotted and solid temperature stratifications belong to the origin pixel of the PMJ in Fig. 2 at t = 0 s and t = 78 s, respectively. The blue dotted and solid temperature stratifications belong to the pixel at the plus symbol in Fig. 2 at t = 0 s and t = 216 s, respectively.
are 15 km/s and 16 km/s, respectively. We proceeded by measuring the POS velocities of all 10 selected PMJs in the same manner and the resulting POS velocities are displayed in Fig.  5 . The majority of PMJs display an increase of several km/s in their POS velocity during their lifetime and none of them show a decrease in their POS velocity. The measured LOS velocities by comparison are 1 − 2 km/s in magnitude and only vary by some 0.5 km/s throughout the PMJs' lifetimes, indicating that the POS velocity increase shown in Fig. 5 is not at the expense of the measured Hα LOS velocities. Furthermore, none of the selected PMJs show a returning downflow either during or after their lifetimes in any of the observed lines. Fig.  6 demonstrates this behaviour for the PMJ displayed in Fig.  2 . Whilst the measured POS velocities are greater than the sound speed in the photosphere of 8 km/s and therefore supersonic, they are insufficient to overcome solar gravity and should therefore produce return flows. Since no return flows could be detected, the PMJs are unlikely to be ordinary jets typically associated with mass flows. Therefore, the selected PMJs likely are heat fronts propagating through the chromosphere rather than true jets containing large-mass flows. Such a heat front would propagate at the local Alfvén velocity, which we calculated from the inversions of the spectra in Fig. 3 and is displayed in Fig. 4c . The PMJ in Fig. 2 passes through the location corresponding to the plus at t = 234 at which point its POS velocity would be above 15 km/s, i.e. > 75% of the local Alfvén velocity of 20 km/s (see blue solid line between log(τ) = −3 and −4 in Fig. 4c ). As the POS velocity only measures the horizon- tal component of the PMJ's propagation, its true propagation velocity would be even higher. Given that the heat front is not associated with large-mass flows the LOS velocities retrieved from the Hα bisectors would severely underestimate the true vertical propagation velocity of the PMJ's heat front. An analysis of simultaneously acquired and inverted transition region spectral lines would have helped to constrain the vertical propagation velocity of the PMJ, but were not available at the time of the observation.
PMJ magnetic field
The polarimetric measurements of the Ca II 8542 Å line in principle allow us to retrieve the chromospheric magnetic field in the PMJs. However, the Stokes Q and U amplitudes are never above 3σ for any of the selected PMJs at any time, meaning that the horizontal magnetic field retrieved by the inversions overestimates the true horizontal magnetic field component and the azimuthal orientation of the magnetic field also remains unknown. Only two PMJs, including the one displayed in Fig. 2 , hosted Stokes V signals above 3σ, but only close to their respective origins. . Evolution of chromospheric LOS magnetic field, using the weak field approximation on Ca II 8542 Å, of the PMJ displayed in Fig. 2 . The solid red and solid blue lines display the LOS magnetic field evolution at the PMJ origin and the plus symbol, respectively. The dotted vertical lines mark the times when the PMJ spectra in Fig. 3 were taken, i.e. at t = 78 s and t = 216 s relative to the timeline in Fig. 2 .
All the spectra displayed in Fig. 3 had Stokes V profiles with amplitudes above 3σ. The inversions of red spectra in Fig. 3 retrieve a LOS magnetic field strength that drops from 700 G in the photosphere to 550 G and 450 G in the chromosphere for the solid and dotted lines, respectively. The blue spectra in Fig. 3 have LOS magnetic field values of 800 G in the photosphere, which drop to 470 G and 350 G in the chromosphere for the solid and dotted lines, respectively. The total photospheric magnetic field strength is 1 kG and 1.2 kG for all the red and blue spectra in Fig. 3 , respectively, and drops to 700 G on average in the chromosphere, but, given the insignificant Stokes Q and U signals in the Ca II 8542 Å line, the chromospheric horizontal magnetic field values are potentially too high and unreliable.
We proceed by calculating the chromospheric LOS magnetic field from the Ca II 8542 Å Stokes V profiles for the FOV displayed in Fig. 2 using the weak field approximation (e.g. Landi Degl 'Innocenti & Landolfi 2004; Centeno 2018) . The resulting magnetic field evolution at the PMJ origin based on a 3 × 3 pixel average around the origin pixel is displayed by the red solid line in Fig. 7 . The displayed magnetic field evolution used the entire Stokes V spectrum, but weak field calculations that excluded the Stokes V line core produced qualitatively similar results. The blue solid line in the same figure displays a similar average around the plus symbol seen in Fig. 2 . Both lines indicate that the PMJ in Fig. 2 can be associated with a 100 G increase in the LOS magnetic field strength compared to the average pre-/post-PMJ field. Furthermore, in conjunction with the two dotted lines in Fig. 7 , it becomes apparent that the magnetic field 'bump' travels at a similar POS velocity as the PMJ's intensity signature seen in Fig. 2 . The second PMJ in our sample, which also hosted Stokes V amplitudes above 3σ, displays a qualitatively similar LOS magnetic field evolution as shown in Fig. 7 , albeit with smaller field strengths.
The lower absolute LOS magnetic field strengths, obtained with the weak field approximation and displayed in Fig. 7 , compared to the values retrieved by the inversion, can be explained by the presence of magnetic and velocity gradients in the solar atmosphere, which decrease the amplitude of the Stokes V signal and are only taken into consideration by the inversion but not by the weak field approximation. Furthermore, the Alfvén velocity is proportional to the magnetic field, which we most certainly overestimate because of the noisy Stokes Q and U profiles. Therefore, the Alfvén velocities above log(τ) = −2 in Fig. 4c are liable to be somewhat Figure 8 . Evolution of Ca II K intensity at the origin pixel of the PMJ displayed in Fig. 2 at two spectral positions marked by the plus sign in the Ca II K spectra in Fig. 3 . The dashed vertical marks the start of the PMJ as defined in Fig. 2. overestimated. Also, the fact that our upper magnetic field node in the inversion is placed at log(τ) = −4, makes the retrieved Alfvén velocities above that height even less reliable.
PMJ precursor
The Ca II K and 8542 Å core images in Fig. 2 display a bright point at the PMJ origin before the PMJ occurs at t = 78 s, which is not visible in either the Ca II K wing observations, also shown in Fig. 2 , or in Ca II 8542 Å wing observations. The two lines drawn in Fig. 8 follow the Ca II K intensity evolution at the PMJ origin from a 3 × 3 pixel average around the origin pixel sampled at the wavelength positions marked in Fig. 2 in more detail. The black line illustrates that the Ca II K core begins to gradually brighten relative to the Ca II K wing, shown by the grey line, near t = 60 s in Fig. 8 before the pixel brightens more rapidly in both line positions around t = 170 s, reaching a simultaneous intensity maximum at t = 260 s. The initial gradual brightening phase is only detectable near the line core, lasting for 2 minutes for the PMJ in Fig. 2 and 1 minute when averaged across all 10 selected PMJs, which all exhibit the phenomenon. Inversions of successive time steps of the origin pixel of the PMJ in Fig. 2 reveal that the gradual Ca II K core brightening phase in Fig. 8 is associated with a gradually rising temperature above log(τ) = −4.
DISCUSSION
The results presented in this analysis demonstrate that PMJs are detectable in Hα, but since they appear in absorption at all times, a reliable detection of a PMJ in Hα greatly benefits from simultaneous observations in other chromospheric lines such as Ca II H or in our case Ca II K and Ca II 8542 Å.
The added diagnostics provided by the Hα observations allowed us to extend the typically reported PMJ length and lifetime to 2815 ± 530 km and 163 ± 25 s, respectively. Consequently our average PMJ length is longer than the values reported by Vissers et al. (2015) , Drews & Rouppe van der Voort (2017) , and Esteban Pozuelo et al. (2019) . However, PMJs are typically selected manually, except by Drews & Rouppe van der Voort (2017) , leading to a wide range of lengths of up to 10,000 km (Katsukawa et al. 2007) , which is longer than any individual PMJ in our sample. The previously reported PMJ lifetimes of 90 s (Katsukawa et al. 2007; Vissers et al. 2015; Tiwari et al. 2016; Drews & Rouppe van der Voort 2017) are nearly doubled by our investigation.
The longer PMJ lifetime and their comparatively high contrast in Hα allowed us to not only determine their POS velocity but also to track the change in their POS velocities over time. All 10 selected PMJs revealed either constant or more often increasing POS velocities during their lifetimes (see Fig. 5 ). Additionally, we did not observe any return flow for any PMJ in any of the observed spectral lines. Such a POS velocity evolution is uncharacteristic of typical jetting because the measured velocities are far below the solar escape velocity. The acoustically driven jets in the form of dynamic fibrils observed by De Pontieu et al. (2007) and simulated by Hansteen et al. (2006) and Heggland et al. (2011) have similar lengths, lifetimes, and POS velocities similar to the PMJs we observed, in particular when compared to the dynamic fibrils found in sunspots (Rouppe van der Voort & de la Cruz Rodríguez 2013). All the dynamic fibrils follow parabolic paths over their lifetimes, which is not true for our PMJs. Other reconnection driven jets in sunspots (Robustini et al. 2016 ) feature far greater velocities than our PMJs but nonetheless always display a return flow. On-disk observations of type II spicules (Rouppe van der Voort et al. 2009 ) also often do not display return flows, but unlike our PMJs they feature faster upflows in excess of 50 km/s, which express themselves as doppler shifts in spectral lines such as Hα (Rouppe van der Voort et al. 2009; Sekse et al. 2012; Rouppe van der Voort et al. 2015) . The fact that our PMJs display an average LOS Hα velocity upflow of only 1.1±0.6 km/s makes our PMJs not comparable to a typical type II spicule.
However, some spicule type II observations also revealed a discrepancy between their POS (Sekse et al. 2013; Tian et al. 2014; Narang et al. 2016 ) and LOS velocities (Rouppe van der Voort et al. 2009; Sekse et al. 2013) . A solution was proposed by De Pontieu et al. (2017) whereby the comparatively faster POS velocities are a manifestation of independently occurring currents propagating along magnetic field lines at the local Alfvén velocity and driven by a combination of magnetic tension and transverse waves. The current dissipates due to ambipolar diffusivity, causing a cospatial heat front. The apparent POS velocity increase of our PMJs is most easily reconciled if the PMJs propagate along the sunspot's chromospheric magnetic field, which becomes more horizontal toward the penumbra/quiet-Sun boundary (Joshi et al. 2017) , thereby increasing the horizontal velocity component over time at the expense of the vertical velocity component, which is not fully retrieved by our Hα LOS velocities. Evidence that PMJs propagate along magnetic field lines was given by Jurčák & Katsukawa (2008) . The Alfvén velocities calculated from our STiC inversions are similar to chromospheric Alfvén velocities presented by De Pontieu et al. (2001) and Grant et al. (2018) and further supported the idea that our PMJs likely travel at the local Alfvén velocity. Unlike the simulations by De Pontieu et al. (2017) or X-ray observations by Cirtain et al. (2007) we fail to identify a separate ordinary jet travelling at non-Alfvénic velocities that accompanies the PMJs in our observations. Esteban Pozuelo et al. (2019) proposed the same PMJ propagation mechanism in order to reconcile their low absolute LOS velocities and their complex LOS velocity stratifications of their PMJs relative to the high POS velocities reported by previous investigations (Katsukawa et al. 2007; Tiwari et al. 2016) .
The magnetic field evolution in Fig. 7 has shown that PMJs are not only an intensity feature, but also produce a measurable increase in the LOS magnetic field strength, i.e. 100 G for the PMJ in Fig. 2 . Furthermore, the magnetic field enhancement propagates at the same velocity as the PMJ's POS velocity. Given that the simulations presented by De and Martínez-Sykora et al. (2017) produced Alfvén waves, which potentially drive the electric current that causes the heat front in their simulations, it is possible that the magnetic field evolution in Fig. 7 pertains to an Alfvén wave travelling along the PMJ's propagation axis. However, most of our selected PMJs have no significant Stokes Q, U, or V signal except for two where the Stokes V amplitude is above 3σ. Therefore, better observations with access to the full magnetic field vector are necessary before the magnetic field evolution within a PMJ can be robustly interpreted in particular with regards to opacity effects.
The more comprehensive STiC inversions carried out by Esteban Pozuelo et al. (2019) corroborated the results of our test inversions. More importantly, the magnitude of the LOS velocities retrieved by Esteban Pozuelo et al. (2019) and our inversions are on average of the same magnitude as the Hα bisector LOS velocities presented by us, which further strengthens our assertion that PMJs can be detected in Hα. The inversions by Esteban Pozuelo et al. (2019) and ours both indicate that PMJs occur near the temperature minimum above log(τ) = −2. The different µ values of our observations expresses themselves, as expected, in the form of the generally lower temperatures and magnetic field strengths retrieved by our inversions.
The gradual brightening phase illustrated in Fig. 8 agrees with the results presented by Reardon et al. (2013) , in particular, with those provided by Samanta et al. (2017) . The assertion by Samanta et al. (2017) that PMJs host a preceding brightening phase seen in the upper chromosphere and transition region is confirmed by our results. However, the conclusion drawn by Samanta et al. (2017) that PMJs are triggered by a reconnection event in the transition region is not supported by our results.
CONCLUSION
In this study we present an analysis of 10 selected PMJs found in the sunspot in active region NOAA 12599, which we observed in Hα, Ca II 8542 Å, and the Fe I 6302 Å line pair using SST/CRISP and in Ca II K using SST/CHROMIS on the 12
th October 2016 with µ = 0.68. We demonstrate for the first time that PMJs appear as a dark feature in Hα and are cospatial with the familiar bright, jetlike appearance in Ca II K and Ca II 8542 Å. The PMJs' LOS velocities in Hα, on average −1.1 ± 0.6 km/s, match the velocities we retrieve from inversions of the Fe I and Ca II 8542 Å lines, further substantiating our assertion that PMJs are traceable in Hα. Based on the Hα observations we are also able to extend the average length and lifetime of PMJs to 2815 ± 530 km and 163 ± 25 s, respectively. Additionally, we measured the POS velocities of our selected PMJs, which tend to give increasing velocities with increasing distance from their respective origins reaching velocities of up to 17 km/s. Furthermore, two of our PMJs have significant Stokes V signal and indicate that the PMJs exhibit an increased LOS magnetic field of up to 100 G when compared to their local pre-/post-PMJ magnetic field. The PMJs' magnetic field enhancement propagates as quickly as the PMJs' POS velocity. Finally, we present evidence that PMJs display a gradual precursory brightening, lasting for 1 minute on average, that only manifests itself in the cores of Ca II K and 8542 Å lines.
The uncharacteristic POS velocity evolution of our PMJs, combined with their low LOS velocities, leads us to conclude that PMJs are unlikely to be ordinary jets with mass flows, but rather are manifestations of heat fronts propagating at local Alfvénic velocities, that dissipate their energy as they travel through the chromosphere. A future investigation should aim to obtain a greater sample of PMJs to more thoroughly ascertain their magnetic properties in particular. 
